Microwaves are injected into argon and helium helicon plasmas at 6 to 20 mTorr neutral pressure, 1.2 kW pulsed microwave power, up to 500 W continuous RF power, and up to 1 kG magnetic fields, with the objective of heating the tail of the electron energy distribution function (EEDF) and populating ion metastable states. Langmuir probes are used to measure the EEDF and optical emission spectroscopy is used to monitor ion emission. The injection of microwave power in argon helicon plasmas is shown to heat the high energy tail of the EEDF without increasing the plasma density. Argon ion emission is shown to increase by a factor of 4. Injection of microwaves into a helium helicon plasma is shown to cool the bulk of the of the EEDF and increase the plasma density. Previously absent helium ion emission lines are observed with the injection of microwaves. All the microwave results are shown to be independent of RF power within the limits of the system.
Introduction
Helicon discharges are radio frequency (RF) discharges sustained by the resonant interaction of a whistler wave and other modes with a plasma. While helicons have been studied both theoretically [1] and experimentally [2] since the 1960s, they have become very popular plasma sources since the work of Boswell in the 1980s [3] . Helicons characteristically produce high density ( ≈ → n 10 10 eV) plasmas with a few hundred watts of RF power and a few hundred Gauss axial magnetic fields [4, 5] . Because of this, helicon sources are well suited to the development of laser-induced fluorescence (LIF) and two-photon laser-induced fluorescence (TALIF) diagnostics [6] [7] [8] [9] [10] [11] [12] [13] [14] . LIF and TALIF are absorption spectroscopy techniques wherein ions or neutrals are pumped to excited states via a narrow linewidth laser and naturally decay to a lower energy excited state. The light released during this relaxation is monitored, and its intensity versus pump laser frequency gives the ion or neutral distribution function in the laser frequency space, and by Doppler shifts due to ion motion in velocity space along the pump laser beam direction. For ion diagnosis, the laser pumps excited metastable states populated by ground state ion collisions with high energy plasma electrons. The larger the metastable density the better the signal-to-noise ratio for the diagnostic. As such, the quality of the measured signal is related to the plasma density, the electron temperature, and the background neutral density (through the effects of ion-neutral collisional quenching).
While LIF and TALIF techniques have been demonstrated in low temperature plasmas for ions including argon and xenon ions [7, 15] , and hydrogen, deuterium, oxygen, nitrogen, xenon, and krypton neutrals [13, 16] , no LIF technique has been successfully demonstrated for helium ions. Diagnosing helium ion temperature and flow velocity in plasmas would contribute significantly to existing experiments studying plasma boundaries [17, 18] , Alfvén waves [19] , plasma dynamos [20] , and magnetic reconnection [21] , among others. The main difficulties are helium's relatively high ionization energy of 24.58 eV and the ⩾ 40 eV energy difference between the helium ion ground state and its lowest level metastable state. These factors result in helium metastable populations that are too small to diagnose by LIF in most experiments and applications [22] .
Our approach is to populate high energy helium ion metastable states in a helicon plasma through collisions with high energy electrons generated by electron cyclotron resonance (ECR) via microwave frequency R waves. The modifications to the plasma density and electron energy distribution function (EEDF) due to ECR in argon and helium helicon plasmas are presented in this paper.
Electron heating and density production in microwave ECR [23] [24] [25] [26] and helicon [27] [28] [29] [30] [31] discharges have been investigated previously. However, hybrid discharges have only begun to be explored. Dual-frequency capacitively coupled plasmas (CCPs) [32] [33] [34] and electron heating in hybrid inductive-capacitive discharges have been explored [35, 36] with the purpose of separately controlling different plasma parameters to aid and optimize plasma processing techniques. ECR heating of fully ionized plasmas has been investigated for fusion applications [37] , but ECR heating of low temperature partially ionized systems has largely been focused on single frequency discharges. While microwaves have been used to diagnose helicons before [38] , to our knowledge, microwave heating and density production in helicon plasmas have not been pursued. The results in this paper show that microwave heating in helicon plasmas, under certain circumstances, allows for control of the EEDF while keeping other parameters, like the total particle density, constant. This can potentially be useful in tailoring plasmas for appropriate processing and thruster applications, in addition to the diagnostic development purposes explored here.
In section 2 we describe the experimental apparatus. section 3 presents the electron heating data in argon and helium helicon plasmas, and section 4 discusses the results.
Experimental setup

Vacuum chamber and diagnostics
Measurements were performed in the Compact HElicon for Waves and Instabilities Experiment (CHEWIE) apparatus at West Virginia University. A diagram of CHEWIE is given in figures 1 and 2 shows an image of the setup. CHEWIE consists of a 60 cm long, 2.5 cm radius Pyrex tube around which is wrapped an = m 1 half-turn helicon antenna. For these measurements, up to 500 W of RF power is coupled to the antenna though a π matching network [5] . Return powers are less than 5 W. The tube sits at the radial center of two 140 turn water-cooled solenoid electromagnets, capable of producing a magnetic field inside the tube of up to 1200 G. The tube and antenna are covered in stainless or copper mesh casing to protect the room from RF interference, as seen in figure 2 . The Pyrex tube is connected to a 20 cm long 7.5 cm radius stainless steel expansion chamber, with two sets of ports at different axial locations allowing radial access to the plasma. The expansion chamber resides in the 'magnetic beach' of the B field profile, which is shown in figure 3 for a coil current of 375 A. The chamber is evacuated through a turbo-molecular pumping station from one of the radial access ports and either argon or helium gas is fed through the gas feed valve. Measurements were performed at 6.5 mTorr of argon or 20 mTorr of helium.
Microwaves were injected through a vacuum sealed quartz microwave window at the bottom of the expansion chamber, as seen in figure 1 . A diagram of the microwave apparatus is given in figure 4 . The magnetron and control board were taken from a Panasonic NN-SN651B household microwave oven, which outputs 1.2 kW of microwave power pulsed at 120 Hz with a 6.4 ms pulse time (70% duty cycle). The microwave power was coupled via a circulator and two-stub tuning network to a WR340 waveguide conveying a TE 01 mode at 2.45 GHz to the microwave window on the expansion chamber. At this frequency, the ECR condition is achieved at 876 G. The circulator outputs a fraction of the reverse power to a crystal diode, which in turn converted the power level to a DC voltage for measurement. The diode was only able to measure up to 1 kW of reverse power.
To diagnose the effects of microwaves, optical emission spectroscopy (OES) and RF compensated Langmuir probe [39] measurements were performed. The Langmuir probe was inserted at the lower set of ports such that the probe tip was centered at 0 cm radius and 13.5 cm axially in figure 3 . The tip consisted of a 2 mm diameter 4 mm long graphite rod held by an alumina shaft. The rod is press fit to a copper slug shielded by a boron nitride cap, which is then soldered to six RF chokes in series tuned to 13.56 MHz and its first and second harmonics. For time-averaged traces the probe is biased and the current is read through a Keithley 2400 source-meter. The Keithley had a slow sweep time (≈ 0.5 s) for the voltage ranges required on the probe, and as such could not resolve time-dependent phenomena during a microwave pulse. Typically, 5 to 10 traces were taken to average out random noise in the system. The RF chokes provided good impedance to oscillations at the RF frequency (13.56 MHz) and its first and second harmonics. No evidence of RF modulations (such as double inflection points in the current-voltage traces) were observed. More information on the design and construction of the probe is given in [40] and in a thesis available online [41] . For high time resolution traces, the probe was held at a fixed bias and the current was measured through a current sensing resistor versus time. Taking several current versus time measurements at different bias voltages yielded a typical I-V characteristic at the time resolution of the voltage measuring oscilloscope [42] .
Because the Langmuir probe radius was much larger than the Debye length, λ D (∼ − 10 5 m), the ion saturation of the trace was treated as if the probe was planar. The ion density was then measured from the ion saturation current, I i sat , using the formula [43] 
where n 0 is the plasma density, e is the fundamental charge, T e is the electron temperature, m i is the ion mass, and A is the probe's collecting area. To obtain the electron temperature and the EEDF the typical Druyvesteyn method of probe trace derivatives was used [44] . For systems where the electron gyro radius, ρ e (∼ − 10 5 m), is less than the probe radius and the probe is oriented perpendicularly to the magnetic field, Godyak and Demidov showed that the EEDF (not the electron energy probability function, as is commonly presented) is given by [44] 
where ϵ ( ) f is the EEDF, V B is the probe's bias voltage, V p is the plasma potential, m e is the electron mass, l is the probe length, r P is the probe radius, and I e is the electron current (total probe current minus the ion contribution). Since I e increases exponentially in the presence of a non-drifting Maxwellian EEDF, the inverse slope of the natural log of ϵ ( ) f yields the electron temperature [43] . Alternatively, the inverse slope of the natural log of the electron current can also reveal the electron temperature, although it does not accurately reproduce the distribution function as the Druyvesteyn method does [43] . For large probes, such as ours, the ion saturation subtraction becomes easier, but the resultant EEDF at low energies may lose accuracy [44] . Because we are interested in the high energy electrons for this work, the present 'fat' probe was used. The emission of argon and helium ion lines was collected from a focusing optic centered on a radius of 0 cm and an axial position of 7.5 cm in figure 3 . The light was coupled via an optical fiber to a 1.33 m scanning monochromator to obtain emission spectra from the plasma. We would like to stress that unlike other authors [45] [46] [47] , we do not use optical emission spectroscopy as a direct quantitative diagnostic of electron temperature or species density. For the purposes of TALIF development, we are interested in seeing how changes in the EEDF result in populations of excited and metastable ion states for the said absorption spectroscopy diagnostic. Thus, OES from lines of excited states of argon and helium ions gives us information on the relative changes in these states' populations, or simply their existence (as will be shown in the case of helium). Thus, while the OES data is a function of the EEDF, we do not use it as a diagnostic of the EEDF. Rather we use it to determine the success of our attempts at pumping excited ion states with microwaves, which is necessary for developing and demonstrating our TALIF system.
Microwave injection
It is important to note that the microwaves were injected from the bottom of the expansion chamber (see figure 1), and thus they had to traverse from lower to higher magnetic fields to reach the ECR position (axial position of 7.5 cm in figure 3 ). In this situation the microwaves must tunnel through the R wave cutoff to reach the resonance point [48] . We would like to stress that this is an extremely inefficient way of coupling microwave energy to the plasma. The only reason we use this method is due to accessibility on our CHEWIE test stand. As this is an unusual method of microwave injection in plasmas, we include a brief analysis of the R wave dispersion relation here.
In general the cold plasma R wave dispersion relation is given by [49] 
where n is the index of refraction of the R wave, c is the speed of light, k is the wave number, ω mw is the microwave frequency, ω pe is the electron plasma frequency, ω ce is the electron cyclotron frequency, and ν is the collision frequency. Resonance occurs at the location in the plasma where ω ν ω + = i mw ce . In typical ECR plasma sources, microwaves are launched from the high magnetic field side into the magnetic beach. Budden shows that in this case all of the microwave energy is either transmitted through the ECR resonance point or absorbed by the plasma [50] . On CHEWIE, this is not possible due to lack of access. Instead we go the unconventional route, by injecting microwaves from regions of low magnetic field to high magnetic field. In this case the microwaves must tunnel through an evanescent region (the R wave cutoff) prior to reaching the resonance point. As such, the actual microwave energy accessible at the resonance point is much reduced from the initial injected energy at the quartz window. When injecting from this direction, Budden [50] shows (as is later presented by Stix [48] , Swanson [49] , and Lieberman [51] ) that the percentage of microwave power reflected is given by
where R is the reflection coefficient, η π = k a/2 0 , k 0 is the microwave wave number in vacuum, and 'a' is the thickness of the evanescent region in CHEWIE ( ⩽ n 0 2 ). Thus, from the dispersion relation (equation (3)), this requires knowledge of the entire axial density profile in CHEWIE, which was also not accessible. However, given our single point measurement of density from the Langmuir probe, and knowledge of the expansion of the magnetic field and data from similar devices, we can estimate axial density profiles in argon and helium and thereby approximate the thickness of the evanescent region, 'a'. Figure 5 shows the R wave squared index of refraction in the CHEWIE expansion chamber versus the position for argon and helium, assuming specific density profiles. To estimate a density profile we used data by Charles and Boswell [52] from a very similar small helicon apparatus called Chi-Kung at the Australian National University. Their results showed that in regions of rapidly expanding magnetic fields, the plasma density drops off exponentially versus position, on the same scales (magnetic and positional) as those in our experiment. Because of this we estimated our density profiles to go as
where n e is the electron density, z is the axial distance from the glass-metal junction, Λ is an exponential decay fitting factor, and n z , 0 0 are the density measured and measurement location at/of the Langmuir probe. Λ is chosen to give a reasonable density profile. For example, for a 500 W, 900 Gauss helicon source at 6 mTorr, a typical core density upstream of the magnetic beach is 10 13 cm −3 in argon, and for 20 mTorr helium = n 10 e 12 cm −3 is normal (see, for example, data from [19] for helium and [53] for argon). Λ = 4.5 yielded these expected densities upstream and the measured density at z 0 . A density profile where n e varied linearly with the change in magnetic field strength was also attempted and is shown as the red traces in figure 5 . Here,
0 , where ( ) B z is the local magnetic field strength and B 0 is the magnetic field strength at z 0 (13.5 cm in figure 3 ). This profile changes much more slowly than the exponentially varying profiles and does not yield realistic density maps when compared to results in similar experiments.
Given these estimated density profiles, the thickness of the evanescent region is the distance between the ECR point (vertical dashed line in figure 5 ) and where = n 0 2 to the right of this point (both locations are marked in figure 5 for argon and helium). Using this distance for a, the estimated microwave power transmitted to the ECR point, and presumably absorbed by the electrons there, is given by
where P abs is the absorbed power, and P in is the 1.2 kW input power. For helium this is calculated to be ∼ P 300 abs W and for argon we calculate ∼ P 10 abs mW from equation (4) and subsequent relations. However, we further have to account for the fact that since the microwave is initially linearly polarized prior to entering the evanescent region, only half the initial 1.2 kW of power is available to the R wave that resonates with the electrons since a linearly polarized wave is divided evenly in power between the right and left (R and L)-hand polarized waves. Thus, the amount of power available to the electrons in the resonance region is approximately 150 W in helium and only 5 mW in argon. 5 mW is very little power absorbed by argon, and we show in the next section how this small calculated amount of power absorption underlines our ignorance of the true density profiles in the system. Much more power is available at the ECR location in helium than in argon, as at the location of the microwave window, the less dense helium plasma allows the propagation of microwaves upward into CHEWIE for several centimeters prior to being cut off. Argon, being more dense, cuts off the microwaves in the plasma much closer to the window. Because of this, in argon the R wave evanescent region is longer than it is in helium, and thus less power is transmitted to the ECR point in argon compared to helium plasma. The resulting effects are also discussed in the upcoming sections.
Another important point is that our microwaves propagate antiparallel to the axial magnetic field vector in our system, opposite to conventional ECR sources. Again, this is performed purely for accessibility reasons in this setup. However, even for antiparallel propagation the R wave cold plasma dispersion relation, including its cutoffs and resonances, as shown in equation (3) and as presented in basic plasma wave texts such as Stix [48] .
We would finally like to note that the microwaves in our system damp collisionlessly. The collision frequency ν is given by ν σ = n v, where n is the neutral (ion) density, σ is the electron-neutral (ion) collision frequency, and v is a characteristic electron speed, in this case the thermal speed given by T m / e e where T e is the electron temperature in units of energy, and m e is the electron mass. Given cross sections for these processes from Lieberman [51] , ν ∼ 10 MHz, which is much less than the ω ∼ 10 mw 10 rad/section. Thus, from equation (3) the collisional damping of the microwaves is negligible 1 Furthermore, we can estimate that the energy relaxation length, which for these types of collisions goes as λ λ λ = ϵ /3 m inel [51] , is long compared to the size of our system. Specifically λ σ = n 1/ , where λ ϵ m , ,inel is the energy relaxation/momentum transfer/inelastic scattering lengths (mean free paths) of electrons on neutrals and ions. The cross section for momentum transfer and/or inelastic collisions in our system is ∼ − 10 20 m 2 [51] . Given a neutral density of ∼ n 10 n 20 m −3 yields λ ϵ on the order of a meter, longer than the size of our expansion chamber. Thus the measurement of EEDFs a few centimeters downstream of the ECR location faithfully represents changes to the EEDF at the ECR location.
Results
Microwave effects in argon
Figures 6 through 9 show density, temperature and EEDF results in argon at several different magnetic field strengths for microwaves on and off. These measurements are time-averaged over many microwave pulse cycles, so for the 'microwave on' results the temperature results reported are a lower bound. Time-averaged results were preferred due to the Keithley source-meter's high bias voltage resolution, an important feature in resolving the EEDF. The 'switching noise' gap in the data is caused by a brief step in the current collected by the source-meter as it switched from negative to positive voltages, yielding erroneous measurements near
V. These data are removed during analysis. Without microwaves, the tail of the EEDF above the argon ionization energy was observed to fit a 1.8 eV distribution, as marked by the red line in figure 6 . Thus, the tail above the ionization threshold was seen to be depleted, presumably due to ionizing collisions with neutrals. With the injection of microwave energy, the EEDF fit a 2.2 eV distribution from the bulk through the tail for over five decades of collected electron current. The effect of the microwaves was to replenish the high energy electrons in the tail of the distribution above the argon ionization energy. The RF power scan confirmed the existence of the depleted tail without microwaves (see figure 8) . Heating of the tail is not simply due to more total input power, but rather the ECR heating with microwaves.
In the previous section we mentioned that only about 5 mW of microwave power is available in argon to heat the electrons at the ECR location, due to the long region the incident power must tunnel through to reach this point. To check this figure against the observed change in the EEDF in figure 6 we calculate the energy change per ECR confinement time between the microwave on and off EEDFs presented, and compare it to the 5 mW of power available at the ECR location in the argon plasma. To do this we write
where ε on,off is the mean electron energy per particle when the microwaves are on/off, V is the approximate volume of the ECR absorption zone, and Δt is a characteristic electron ECR confinement time. Lieberman provides an estimate for Δt as
where we take ∼ v T m / e e e and α is given by 
where
where R is the radius of the plasma column (in this case ≈ 2 cm). Since the density does not change before and after microwave input in argon, from equation (6) we have 
In this simple estimation the predicted absorbed power from the change in EEDFs is seen to be independent of the electron confinement time. To evaluate equation (10) for comparison to the predicted 5 mW transmitted to the ECR zone, we must obtain functional forms for ϵ ( ) f . To do this we plot the EEDFs from figure 6 in linear space in figure 9 . The EEDFs here are normalized to their own maxima in this figure. We then fit these data to bi-Maxwellian electron distribution functions given by
(11) where A and B are fitting constants and T 1,2 are the temperatures of the Maxwellian populations that compose the EEDF. The bi-Maxwellian distribution accounts for colder low energy electrons measured by the Langmuir probe, which are not easily discernible in the log plots (figure 6), but are apparent in figure 9 . The fitted functions are given in red in this figure. For mW. Recall our previous estimate for the microwave power that tunnels through the R wave cutoff to reach the ECR zone was 5 mW. The discrepancy between the predicted and calculated absorbed power by argon means our density profile estimates are not correct. In argon this means the plasma near the microwave injection port is more sparse than we estimate. This could potentially be due to the density decrease that would occur in the presheath of the wall near the microwave injection window. Unfortunately, without better probe access to this region, the true density profile cannot be ascertained.
Using the analytic fit to the EEDF data presented we can also calculate the high energy tail densities for the microwave's on and off cases. 'High energy' is defined as greater than the argon neutral ionization energy of 15.76 eV. Thus, the density high energy tail of the EEDF is given by
where ϵ iz is the ionization energy. Using this and the functional fits to the EEDF data presented we have ϵ ϵ ( > ) = n n 0.026 iz e on and ϵ ϵ ( > ) = n n 0.006 iz e off . Figure 10 shows representative Langmuir probe traces before and after the ECR condition was achieved, with microwaves on in both cases. The 'no ECR' traces in this figure were taken at a field strength of 800 G in figure 7. At this solenoid coil current the ECR condition was not achieved anywhere in the system, not even at the maximum field location at the radial center of the Pyrex discharge chamber. The log of the electron trace shows a bulk 2.3 eV electron population with a depleted high energy tail. When the field was increased to 917 G (the seventh 'microwave on' data point from the left in figure 7 ) the tail is replenished and fits the same 2.3 eV distribution. Thus, the effects of microwave heating were only observed in argon at fields where the ECR condition was achieved somewhere in the vacuum chamber. This agrees with the long energy relaxation length (compared to the system size) calculated for this experiment in section 2.2. Figure 7 (b) shows the electron temperature measured above the ionization energy for different magnetic field strengths with and without microwaves. For all tested parameters the tail was seen to be hotter with microwaves in the plasma. An increase in density ( figure 7(a) ) was not observed. However a marked increased in argon ion emission lines was observed (figure 11). The measured neutral argon emission levels did not change with the application of microwaves.
The constancy of the measured ion density and neutral emission levels, along with the increase in argon ion emission indicates that the effect of replenishing the tail of the EEDF using microwaves populates the higher energy argon ion electronic states, without causing further ionization. The relative strength of a given OES line is given by the rate at which the higher state of the transition is pumped, assuming constant collisional and radiative loss rates. To estimate relative ion and neutral excited state pumping rates, we only consider electron-impact excitation here. Given this the pumping rate from state 1 to 2 is
where → G 1 2 is the pumping rate, n n i , is the density of the atom or ion getting pumped, σ → 1 2 is the excitation cross section for that transition, and ϵ → 1 2 is the energy difference between states 1 and 2. The upper ion states for the transitions observed can be directly pumped from the ground state argon ion. The cross section for this collision is given by Strinić et (11)).
Ar (I) metastable state [56] . Thus, the neutral 666 nm emission lines observed here require at least two electron neutral collisions to be observed. Though the 667 nm line can be pumped from the ground state Ar (I), the more likely scenario is that is it pumped from the s 4 metastable state, as the → s p 4 4 excitation cross section is 10 times greater than the → p p 3 4 excitation cross section, and the s 4 state is very long lived (with lifetimes up to 38 s long) [56] . Because of this, the neutral excitation cross section from the ground state atom requires a full collisional-radiative model to derive for the 666 nm lines (see [9] for example). In lieu of this, we estimate an effective collision cross section populating the upper states of the argon atom from the ground state as no greater than the ground state to the p 4 Ar (I) excitation cross section. That is, For a given time, the change in excited state population due to a change in EEDF because of microwaves, again for fixed loss rates of excited states, is given by Ar , the change in the EEDF due to microwave heating has a disproportionately larger effect on the ion excitation rates than it does on the neutral rates, as is observed in the change in ion and neutral spectra in figure 11 .
We want to emphasize that this analysis is again, basic. Assumptions of constant loss rates and approximate equivalence of densities cannot be checked in our setup. Furthermore, a full collisional-radiative model is necessary to truly calculate the relative excited populations due to a change in the EEDF. This is not the point of these data. Rather, we underscore the crux of the argument-that the ion excitation cross sections are much greater than the effective neutral excitation cross sections, and as such they are preferentially pumped after small changes in the tail of the EEDF. We also reiterate that the OES data are not used for electron temperature measurements. They are simply proof for the efficacy of microwaves (albeit low power) in pumping excited states of ions. This has implications for microwave heating of RF plasmas, as well as laser-plasma diagnostic development, which will be discussed in section 4.1. Figure 12 shows two representative Langmuir probe traces taken in helium. Because helium produces much lower density plasmas compared to argon for a given RF power, the highest solenoid coil current possible was used. This yielded a magnetic field profile in the expansion chamber as shown in figure 3 . Unlike the investigations in argon, the addition of microwaves to the helium helicon plasma yielded changes in ion density by more than a factor of two, as shown in figure 13 . Because of this, the time averaged traces with the Keithley source-meter when the microwaves were pulsed showed strong oscillations. As a result, the source-meter was used for RF-only discharges, and the high-time resolution method was used during the microwave pulses. Thus, the 'microwaves on' Langmuir probe trace in figure 12 has only 60 voltage data points, as opposed to the 2500 points taken by the Keithley when the microwaves were off. From the diode output in figure 14 it is clear that initially, only 50% of the microwave power is being reflected by the plasma, the rest either being absorbed or propagating through the ECR zone. Because the helium plasma was approximately 8 times less dense than the argon plasma in the expansion chamber, the evanescent region for R waves was much smaller in helium than it was for argon discharges, as seen in figure 5 . Because of this more power was coupled to the plasma, contributing to a significant increase in helium ion density during the course of the microwave pulse. As the helium density increased in the expansion chamber, the R wave evanescent region grew in length (from equation (3)), and more power was reflected, as seen in figure 14 . The reverse power signal saturates at 1 kW in this figure as the diode can only measure up to 1 kW of power, though the microwave outputs up to 1.2 kW. 3 This location Unfortunately an attentuator was not available to bring the reverse power signal fully in the range of the diode. The increase in density observed in helium with the injection of microwave power can be understood both by the more power coupled to the ECR zone in helium versus argon, and by recognizing that unlike in argon, the helium electron impact ionization cross section, σ ∼ [58, 59] . This is not surprising as neutral helium has an ionization energy of approximately 25 eV, and the ground state He (II) requires at least 40.8 eV to be excited to a higher energy state. Thus, opposite to the ECR effects in argon, additional energy dumped into the electron tail first ionizes the neutrals and then modestly increases populations of excited electron ion states.
Microwave effects in helium
To understand the decay of the helium ion density back to the pre-microwave levels, we must know the microwave forward power pulse shape. The decay occurred over a few ms. The shortest helium ion confinement time, τ c is controlled by helium ion losses to the walls intersecting the magnetic field lines. Thus, the confinement time is given by
i , where L is the length of the expansion chamber, T i is the ion temperature, and M i is the ion mass. We do no know the ion temperature (because helium TALIF is not yet a working diagnostic) but typical ion temperatures are less than 1 eV in these systems [54] . Using an estimate of
μ ≪ s 1 ms, and thus He ion diffusion cannot account for this plasma decay. Unfortunately, our microwave circulator did not allow for forward power monitoring, so we are unable to claim further what modulates our helium density decay rates in the plasma. Ultimately, there is some microwave power injected during the entirety of the pulse. Simple confinement models are not sufficient, as a full Helium emission spectra at 468 nm with and without microwaves. 3 The measured return power greater than 1 kW indicates that both the R and L waves are being cut off and reflected in the plasma. The L wave cutoff occurs at the location where ω ω ω ω = + / pe mw mw ce 2 , which depends on the plasma density profile [49] . For densities between 10 11 and 10 12 cm −3 this cutoff will be in-between the glass-to-metal junction and the ECR location in the expansion chamber.
understanding of temporal density profiles requires knowledge of the full forward power pulse shape. Figures 15 and 16 show EEDFs in log space taken from the Langmuir probe traces with and without microwaves. Because of the low voltage resolution of the high-time resolution method for acquiring the Langmuir probe data during a microwave pulse, only the bulk energy population (10 to 30 eV) of electrons could be resolved for these datasets before noise became significant. As a result, figure 16 only shows up to 35 eV electrons, although the noise becomes prohibitively obscuring above 30 eV. Without microwaves, many averages of the high voltage resolution Keithley traces allowed EEDFs to be faithfully measured up to electron energies of 60 eV, as seen in figure 15 . The bulk of the electron population fits a 11.5 eV Maxwellian distribution with a depleted tail above 40 eV energy. The tail fits a 4.5 eV energy distribution. The helium ion's first excited state is 40.8 eV above its ground state, suggesting the high energy tail depletion may be due to inelastic electron collisions with ground state helium ions.
To compare the estimated power absorbed in the resonance zone with the estimated power transmitted to the ECR location, we again follow the same procedure as performed for argon discharges in section 3.1. First we fit the measured EEDFs before and after microwave injection to the analytic form presented in equation (11) . For the 'microwaves off' trace, the fitting constants were eV. The latter trace was taken 3.9 ms after microwave initiation. The EEDFs in linear space and their fits are shown in figure 17 . For helium, the density in the expansion chamber before and after the microwave input was significantly different, and as such we must rewrite equation (6) as
where n on and n off are the density in the expansion chamber before and after the microwave power injection. Then, following the same sequence of steps as for the previous calculation for argon and using the n on data from the peak of the density versus the time profile, we calculate that the absorbed power is approximately 180 W. Comparing this with the estimated 150 W available to the plasma after tunneling through the evanescent region from section 2.2, we find that the two figures are in agreement. This indicates that our assumed estimate for the helium density profile in figure 5 yields the correct power transmission factor to the ECR zone.
With the addition of microwaves the bulk electrons cool to 6 eV. This cooling occurs rapidly compared to the microwave pulse period. Figure 16 shows EEDFs, normalized to their maxima in log space, taken at seven different times after the microwave pulse initiation, overlaid on top of one another. While the ion density increases in time during the course of a microwave pulse period (see figure 13) , the bulk population temperature remains at 6 eV for the entirety of the pulse. The temperature cools to 6 eV as quickly as 0.2 ms after the microwaves are applied. The observed cooling of the bulk population may be due to the creation of cold electrons from the electronimpact ionization of He (I) by the energetic ECR electrons. Also, the fast ECR electrons that have inelastically collided with neutrals and ions will also lose energy and contribute to the cooling of the bulk population. In general, changes to the EEDF due to ECR electrons will occur on the timescale Δ ≈ t 10 ns (from equation (7)) and the changes in density will occur on the timescale
μs, where τ ν / iz iz is the ionization time/frequency in helium, and σ iz is the helium electron impact ionization cross section [59] . From these estimates it is clear that changes in the EEDF occur more rapidly than the changes in density levels. However, the precise reasons for the shape of the EEDF requires knowledge of the shape of the forward microwave pulse power. The distribution changes from the no-microwaves one presented in figure 15 to the one with microwaves in figure 16 more quickly than the plasma density changes. The changes in the EEDF are symmetric about the center of the microwave pulse indicating that the change in the EEDF shape and the change in density level, although coupled, are ultimately controlled by the amount of microwave power injected, which depends on the (unfortunately) unknown forward pulse shape. Figures 18 and 19 show the emission spectra collected around 468 and 656 nm in helium with and without microwave injection. Two helium ion lines are observed when microwaves are injected, the = → n 4 3 468.58 nm line and the = → n 6 4 656.02 nm line. These upper excited helium ion states require more than 40.8 eV electron collisions to populate, and as such are difficult to observe in low temperature plasmas such as ours. In order to improve signal-to-noise, a 5 min plasma 'on' integration of the spectrometer CCD was performed, and then a 5 min 'dark' exposure was subtracted. Still, only a few hundred counts of ion emission were recorded above the dark CCD and background noise level. Nevertheless, the mere presence of these lines is extremely important. To achieve TALIF in a helium plasma, electrons energetic enough to populate the = n 2 ion state must exist. Observing ion lines from more excited states than this suggests that the = n 2 state is also being populated. Again, we did not use OES here to quantify the properties of the EEDF, rather we are verifying that there are enough energetic electrons in the tail after microwave injection to proceed with our diagnostic developments. In figure 18 it is observed that the 468 nm line signal level increases with increasing RF power, due to increase in overall ion density. However the line only appears with the injection of microwave power, suggesting the microwave heating mechanism more effectively heats the high energy electrons than the RF heating mechanisms.
Discussion and summary
Population of metastable states in microwave-assisted helicon discharges
The objective of this work was to populate excited ion states through the injection of microwave energy in a helicon discharge for the purposes of laser diagnostic development. This was achieved in both argon and helium gases. In argon probe traces, the high energy electrons (>15 eV) were observed to increase in number and temperature, until the temperature of the tail matched the temperature of the bulk. This was due specifically to microwave energy deposition in the tail at the ECR condition, and was not replicated through RF heating mechanisms when the RF power was adjusted. Also, the replenishing of the high energy tail of the EEDF was only observed when the ECR condition was achieved somewhere in the system, not just when the microwaves were on. Corresponding excited ion emission lines were observed to increase in strength when microwaves were injected, indicating an increase in excited populations.
In helium, the observation of ion emission with the application of microwaves indicated the presence of populated excited helium ion states necessary for novel laser-induced fluorescence techniques. The population of these states is through electron impact excitation. The high energy electrons are created through direct energy input into the EEDF tail via microwaves. This effect is not observed when RF power is increased within the limits of the power supply, as excited helium ion emission is not observed by increasing the RF power. This indicates that the ECR condition is necessary for sufficiently populating the high energy tail of the EEDF.
Control of the EEDF using microwaves in helicon plasmas
As mentioned previously, an important research endeavor is the separate control of the plasma parameters in low temperature discharges for the optimization of processing systems. Microwave-assisted hybrid systems have not been thoroughly examined. In our apparatus microwave ECR energy deposition is demonstrated, in argon, to thermalize the tail of the EEDF with the bulk, without increasing the plasma density. We suggest that this is due to the ordering of excitation and ionization cross sections in argon, such that addition of energy to the high energy electrons is deposited in ion excitation collisions rather than further neutral ionization. As with the generation of excited ion states in helium plasmas, this effect is shown to be a distinct process from simply increasing the RF power, as the depleted colder electron tail was observed for all RF powers investigated in argon without microwave injection. With the appropriate choice of feed gases, neutral density, and microwave power, microwave heating in technological plasmas can prove to be a valuable method for controlling EEDFs.
